INTRODUCTION
Mycobacterium haemophilum is an acid-fast bacillus (AFB) belonging to the group of nontuberculous mycobacteria (NTM) frequently found in environmental habitats, which can colonize and occasionally infect humans and animals (98) . M. haemophilum can cause localized or disseminated disease in immunocompromised hosts and is a rare cause of disease in immunologically competent individuals. In 1996, Saubolle et al. (123) presented an overview of 64 cases reported in the literature. Since that time, another 154 cases have been reported. The purpose of this review is to present an update of the clinical picture, diagnostic approach, and therapeutic options for M. haemophilum infections.
GENERAL DESCRIPTION AND TAXONOMY
M. haemophilum, or the "blood-loving" mycobacterium, is a slowly growing AFB that differs from all other identified Mycobacterium species in preferring a lower growth temperature and having a unique culture requirement for iron supplementation. Thus, the classification of mycobacteria into several Runyon groups based on growth characteristics and pigment production may not be applicable to M. haemophilum. Many infections with M. haemophilum likely remain unrecognized, although suspicion should arise when AFB are visualized in smears and when cultures fail to yield an etiologic agent.
M. haemophilum was first described in 1978 as a pathogen causing skin infections most frequently in immunocompromised patients, which may explain its preferred growth temperature of 30°C (130) . In 1981, Dawson and colleagues described a case of submandibular lymphadenitis due to M. haemophilum in an otherwise healthy child (31) , and M. haemophilum has since been recognized as an emerging pathogen in a variety of syndromes. The microorganism is now also known to cause cutaneous and subcutaneous infections, septic arthritis, osteomyelitis, and pneumonitis in immunocompromised patients. Cervicofacial lymphadenitis is the most common manifestation in immunocompetent children. Reports of such cases originate from all continents. However, although our understanding of M. haemophilum infections in humans has increased considerably in recent years, the natural habitat and how an infection is acquired remain unknown.
M. haemophilum most resembles Mycobacterium marinum and M. ulcerans in regard to its role in skin infections. The relatedness can also be observed for genomic traits, as all three species have a relatively low GC content compared to those of most other Mycobacterium species.
Some interesting similarities also exist between M. haemophilum and Mycobacterium leprae. First, the fatty acid docosanoic acid is found in abundant quantities in both species. Second, M. haemophilum has also been shown to possess a specific phenolic glycolipid antigen that closely resembles the corresponding lipid in M. leprae (10) . Third, M. leprae has major membrane protein I (35 kDa), which is absent in members of the M. tuberculosis complex, but homologous sequences have been detected in M. avium, M. haemophilum, and M. smegmatis (159) .
Taxonomic relationships between mycobacteria can be investigated by comparing the sequences of gene targets used to differentiate species, such as ribosomal gene fragments (i.e., the 16S rRNA gene and internal transcribed spacer [ITS] ) and housekeeping genes (i.e., hsp65 and rpoB). The taxonomic relationship between M. haemophilum and other Mycobacterium species is not completely clear because different panels of mycobacterial species were included in previous studies, and different gene fragments were used in alignments: the 16S rRNA, rpoB, hsp65, and sod genes. A phylogenetic analysis of 500-bp 5Ј 16S rRNA gene sequences in the RIDOM database indicated that M. leprae, M. malmoense, and M. bohemicum are the species genetically most closely related to M. haemophilum (62) . Another tree constructed from the 16S rRNA gene sequences from 80 species indicated that M. leprae and the M. avium complex are closely related (50) . A study using an unrooted phylogenetic analysis of 16S rRNA gene sequences (1,325 bp) from 18 species showed that M. bohemicum and M. szulgai are the most closely related species (58) , and M. leprae has a relatively large genetic distance from M. haemophilum. Last, using a multigene approach, including the sod, 16S rRNA, hsp65, and rpoB genes, Devulder and colleagues showed that M. haemophilum has no immediate neighboring species, although M. leprae was not included in this analysis (34) . At the National Institute for Public Health and the Environment (RIVM), about 700 nucleotides of the 3Ј end of the rpoB gene were sequenced. With the sequence data obtained, a dendrogram ( Fig. 1 ) was created by using BioNumerics software (Applied Maths, Kortrijk, Belgium). Based on rpoB similarities, the closest relationship was observed for M. leprae (93.5%). Other mycobacterial species were at larger genetic distances, with M. gordonae (92%), M. malmoense (91.7%), M. avium (91%), and M. szulgai being most closely related (R. de Zwaan, RIVM, unpublished data).
CLINICAL PRESENTATION
In contrast to infections caused by M. tuberculosis, M. haemophilum is not a reportable infection, and the number of cases may be higher than what is represented by published case reports. A second reason for the underestimation of the actual number of M. haemophilum infections is the difficulties in diagnosing the disease. Based on the available literature, two groups appear to be at risk for M. haemophilum infection (123) . The main group consists of severely immunocompromised patients, in whom M. haemophilum occurs as an oppor-tunistic infection (1, 2) . M. haemophilum is being increasingly recognized in persons who are severely immunocompromised by HIV infection; after renal, bone marrow, or cardiac transplantation; or after treatment for lymphoma or rheumatoid arthritis. The second at-risk group is otherwise healthy children, who typically develop cervical and perihilar lymphadenitis similar to that caused by infection with the Mycobacterium avium complex (3, 90, 164) .
IMMUNOCOMPROMISED PATIENTS

Cutaneous Manifestations
M. haemophilum causes mainly skin lesions in immunocompromised patients (42, 150) . Cutaneous infections with potentially pathogenic mycobacterial species are important for the differential diagnosis of skin lesions in these patients (36, 61, 93, 106) . M. haemophilum infections have been reported, especially in patients with lymphoma or HIV and in organ transplant recipients (19, 66, 81, 84, 112, 153) . The clinical spectrum of cutaneous infections caused by M. haemophilum appears to be broad (19, 30) , varying from localized disease to systemic disease with cutaneous dissemination (49) . Multiple skin lesions tend to occur and can present as erythematous papules, plaques, nodules, necrotic abscesses, or chronic ulcers. Cutaneous lesions are found most frequently on the extremities, particularly over joints, and less commonly on the trunk and face. Purpuric and annular lesions have also been described (47) . Skin lesions typically evolve from papules to asymptomatic pustules and eventually to very painful deep-seated ulcers. The erythematous or violaceous papules and/or nodules are usually painless at first, but they can develop into potentially very painful abscesses or ulcers. Patients with cutaneous and articular manifestations have a more favorable prognosis than those with pulmonary involvement (126) . An overview of the skin infections reported since the review by Saubolle et al. (123) is presented in Table 1 . Thirty-three new cases have been reported, with a median age of the patients of 48 years (range, 14 months to 67 years). The sex distribution was equal. Most of the reports were from the United States (10 cases), followed by Germany (4 cases), Australia (4 cases), and Singapore (4 cases). The majority of the patients had a history of solid-organ transplant or AIDS.
Cutaneous lesions have been rarely reported for children (21, 28) , but the manifestations of the skin lesions are similar to those of immunosuppressed adults.
Pyomyositis
Mycobacterial infection of the skeletal muscle is very rare; in particular, large muscles are involved, and the condition usually presents as localized muscle involvement through direct extension from a proximal focus of infection. Only four cases of pyomyositis caused by M. haemophilum have been reported (70, 82, 124, 127) .
In a recent report by Lee et al. (82) , a 23-year-old immunosuppressed female patient with multiple, tender, erythematous, and palpable fluctuant abscesses on the left leg due to an M. haemophilum infection was described. In another case, the patient had been on long-term steroid treatment for polymyositis and presented with ulcerations over both thighs and the left arm after a year of steroid therapy (127) . A 24-year-old female renal transplant recipient was described as having tender, erythematous, and palpable fluctuant swelling on the left calf (70) . The patient had undergone kidney transplantation 8 years earlier, after which she had been on immunosuppressive treatment with cyclosporine and mycophenolate mofetil.
Disseminated and Pulmonary Infections
Several cases of septicemia and pneumonitis due to M. haemophilum have been documented (Tables 2 and 3 ).
The patients with disseminated disease in Table 2 include 11 adults aged 30 to 67 years and 1 6-year-old child. Nine patients were from the United States, one was from Germany, and one was from Brazil. Five patients had AIDS, one had received a renal transplant, one had received a cardiac transplant, two had received a bone marrow transplant, and one was undergoing treatment for multiple myeloma. Only one case of a pediatric disseminated infection has been described (11) . A 6-year-old child from The Netherlands with a history of B cell precursor acute lymphoblastic leukemia presented with fever and painful suppurative skin lesions on the knees, elbows, and face. The patient later developed arthritis and osteomyelitis of the right knee in addition to several subcutaneous abscesses, and she remained febrile.
Nine patients have been reported to have M. haemophilum pulmonary infections. Six patients were male, and three were (Table 3) , a resolution of the infection was observed for less than half of the patients.
Ophthalmologic Manifestations
Two reports in the literature described primary ophthalmologic infections due to M. haemophilum (102, 104) . Millar et al. (102) described a 55-year-old man with a history of acute myeloid leukemia with chronic bilateral conjunctivitis and dry eyes for a period of 6 months. Skin lesions were also noted on the patient's face and arms. The clinical condition improved with moxifloxacin and clarithromycin with the addition of valacyclovir and clindamycin 1 week later. Modi et al. (104) presented a unilateral chronic granulomatous iridocyclitis in a 66-year-old man with previous cardiac transplantation and cyclosporine and mycophenolate mofetil treatment. Antibiotic therapy did not prevent the progression of intraocular inflammation, and the patient developed a corneal ulcer that perforated. Enucleation was performed 1 year after the initial presentation. However, the skin lesions regressed with antibiotic therapy.
Osteomyelitis
A less common manifestation of M. haemophilum in immunocompromised patients is septic arthritis or osteomyelitis with or without cutaneous lesions. Osteomyelitis caused by M. haemophilum resembles that caused by other microorganisms (107, 163) . On radiographs, bony resorption with clear margins, cortical destruction, and adjacent soft tissue swelling are apparent. Magnetic resonance imaging (MRI) can reveal wellcircumscribed medullary lesions with cortical disruption and a large soft tissue component (83) . Table 4 provides an overview of the cases of skeletal M. haemophilum infections described in the literature. Twenty-six cases have been reported, with a median age of the patients of 45.5 years (range, 20 to 77 years). The underlying illnesses most frequently included AIDS (15 cases) and organ transplantation (7 cases).
Uncommon Clinical Presentations
Central catheter infections. Ward et al. (152) described an M. haemophilum infection of the central venous catheter tunnel in two young (26 and 29 years old) immunosuppressed patients with hematological malignancy undergoing high-dose chemotherapy supported by bone marrow transplantation. The M. haemophilum infections occurred at the site of the tunneled catheter after the line had been removed. For one patient, therapy consisted of amikacin, clarithromycin, ciprofloxacin, and meropenem for 3 weeks, after which amikacin and meropenem were ceased and ethambutol was started. For the other patient, repeated surgical excisions were combined with clarithromycin, amikacin, and meropenem treatment. The drugs were later changed to rifampin, ciprofloxacin, and clarithromycin. For both patients, the wound eventually healed. He was treated with isoniazid, rifampin, pyrazinamide, ethambutol, and clarithromycin. One month after hospitalization, he commenced antiretroviral treatment, including zidovudine, lamivudine, and efavirenz. He was discharged home, and was seen for the last time 3 months after the operation.
IMMUNOCOMPETENT PATIENTS Adult Infections
Cervicofacial infections. An outbreak of 12 cases of M. haemophilum skin infection with lymphadenitis after permanent makeup on the eyebrows was described recently (52) . The ink used by the tattoo artist was found to be contaminated with M. haemophilum. All 12 patients were female, with a median age of 56 years, and none of the patients were immunosuppressed. The patients presented with an inflammatory lesion consisting of a few red papules or pustules or an erythematous plaque on one eyebrow. In all cases, the lesion was associated with ipsilateral lymphadenopathy in the parotid region, affecting one or more lymph nodes (median, 2; range, 1 to 5). Eight patients presented with an abscess, which later developed into a fistula in seven cases, whereas none of the patients reported systemic symptoms.
Minani et al. (103) described a 27-year-old immunocompetent woman with a right buccal abscess and submandibular lymphadenitis. The patient was cured with surgical excisional therapy of the affected lymph nodes and drainage of the buccal abscess. A retrospective overview of another six patients with cervicofacial lymphadenitis (five females and one male, with an age range of 19 to 65 years) seen over a 15-year period in Phoenix, AZ, was also presented (103) .
"Other" skin lesions. Skin lesions in immunocompetent adults due to M. haemophilum infection are rare and the result of injury. Two cases have been reported (99, 128) : a 61-yearold male who sustained several lacerations to the forearm when he was thrown against coral while surfing and a 65-yearold female who developed subcutaneous skin nodules after coronary artery bypass surgery. 3, 123, 141, 147 ). M. haemophilum was recently reported to be a major cause of lymphadenitis in immunocompetent children in Israel and The Netherlands (90, 164) . These reports showed that M. haemophilum is the second most commonly recognized pathogen in children with cervicofacial NTM lymphadenitis. Patients with M. haemophilum lymphadenitis tended to be older than patients with the more common M. avium lymphadenitis (25, 90) . In the study from The Netherlands (90), the M. avium-infected and M. haemophilum-infected patients did not differ with respect to sex, duration of lymph node swelling prior to presentation, or clinical symptoms, but M. haemophilum infections of the head and neck were associated with an infection of multiple lymph nodes (Fig. 2, 3, and 4 ) and the involvement of extranodal areas, such as the medial canthus, cheek, or ear lobe (60, 90, 92) . Children with M. avium or M. haemophilum cervicofacial lymphadenitis seldom exhibited general clinical symptoms (90, 164) , although some children experienced a loss of appetite. As a result of a diagnostic delay, most children with M. haemophilum lymphadenitis (80%) presented in a secondary or tertiary center in the stage of lymph node fluctuation with discoloration of the skin.
Inguinal lymphadenitis. One case of a 5-year-old girl with a painful, enlarged lymph node in the groin has been reported (89) . The portal of entry was most likely a wound on the dorsum of her foot. During antimycobacterial therapy with clarithromycin and rifabutin, the inguinal lymph node started suppurating, and after 12 weeks of treatment, complete necrosis of the lymph node was visible. The surgical excision of the affected inguinal lymph nodes led to complete resolution.
Pulmonary involvement. Armstrong et al. (3) described a 12-month-old male infant with a 6-week history of daily fever, anorexia, and weight loss. Examination revealed fever, cough, tachypnea, tachycardia, and decreased breath sounds over the right upper lobe of the lung. No immunodeficiencies were detected, and after mediastinal biopsy, antituberculous medication with pyrazinamide, rifampin, isoniazid, and pyridoxine reduced the clinical symptoms. After 6 weeks, the antibiotic therapy was changed to erythromycin, which was prolonged for 15 months, with a final resolution of the disease.
ANIMAL INFECTIONS
M. haemophilum infection is not restricted to a human host.
M. haemophilum appears to be pathogenic in fish and has caused clinical manifestations in a snake and a bison similar to those seen in humans (63, 69, 74, 154) . A royal python was diagnosed with pulmonary mycobacteriosis caused by both M. marinum and M. haemophilum (63) M. haemophilum appears to be highly pathogenic in zebrafish, as several outbreaks have been reported (74, 154) . At least three unrelated outbreaks, with mortality rates of up to 20%, were caused by this species. All organs seemed to be infected, and massive amounts of bacilli were observed in granulomas and throughout regions of diffuse inflammation.
PATHOGENESIS
M. haemophilum infections are similar to those caused by M. marinum and M. ulcerans; they occur most commonly as necrotic lesions within the regions of the body with the lowest temperatures (19) . Histological examination usually reveals a granulomatous reaction with necrotic foci.
M. haemophilum is apparently of low virulence, as most healthy mice and guinea pigs in earlier studies survived for an observation period of 3 months after intramuscular, intravenous, and subcutaneous inoculations of large numbers of bacilli (130, 131) . However, some of the mice died after 2 to 4 weeks, with large numbers of AFB in liver, spleen, and kidneys. The intramuscular injection of M. haemophilum into the thighs of frogs did not result in abnormalities when the frogs were kept at room temperature. However, the animals died within 20 days when kept at 30°C, with M. haemophilum infestation in the liver and kidneys. In vitro, M. haemophilum seems to have a preference for growth in cultured human endometrial carcinoma cells (Hec-1-B), compared to human microvascular endothelial cells (HMEC-1) (43, 44 ). An epithelial cell culture infection model suggested greater intracellular replication at 33°C than at 37°C and showed that the bacilli are associated with cytotoxicity at the lower temperature (43, 44) . These observations indicate that M. haemophilum is a facultative intracellular bacterium. Additionally, M. haemophilum exhibits contact-dependent cytolytic activity at 33°C, similar to the effect observed for M. tuberculosis infections. Thus, the pathogenicity of M. haemophilum appears to be temperature dependent, which is consistent with infection and tissue damage in skin and other superficial body sites with a lower temperature.
EPIDEMIOLOGY
Typing of M. haemophilum
Several Mycobacterium species have been examined extensively by molecular typing, but limited information is available on the genetic diversity of M. haemophilum. Three typing studies have been conducted to date, based on pulsed-field gel electrophoresis (PFGE) (162) , restriction fragment length polymorphism (RFLP) analysis (77) , and amplified fragment length polymorphism (AFLP) analysis (16) .
All three methods demonstrated a high degree of clustering among the clinical isolates investigated, and a sufficient degree of discrimination was observed among isolates that were not epidemiologically related. PFGE and RFLP analysis were used to type isolates from the United States, most of which came from the New York City area. In the AFLP study (16) , isolates from different continents were tested, including the strains from the United States that were also subjected to RFLP analysis and PFGE.
The general conclusion from these three studies was that a high degree of clustering exists among isolates from the same geographic area and that a high degree of genetic stability is present over time. Clusters of identical DNA fingerprint types were observed within close geographical proximity, but the isolates were not necessarily derived from the same hospitals and not found in geographically distant locations. Genetic conservation was also demonstrated by several clusters of clonal types for extended time periods; one cluster from New York linked isolates over a period of 16 years, and two clusters from Australia remained unchanged for 15 and 18 years, which suggests an extremely low evolutionary rate for this mycobacterium. This bacterium may survive in a highly suitable niche, such as tap water, without any selective pressure.
Although the typing results of the three studies are in accordance and technically reliable, typing results should be analyzed with caution because isolates with (nearly) the same DNA fingerprinting profiles are not necessarily epidemiologically linked. Whole-genome sequencing of multiple strains will facilitate the establishment of a robust and detailed phylogenetic tree that may serve to clarify the epidemiology of M. haemophilum infections in humans and the environment. This method was recently shown to be highly informative when it was applied to an M. tuberculosis outbreak in which two separate lineages were identified to occur simultaneously in one social network (48) .
Environmental Findings
Although no clinical isolates have been linked directly to environmental isolates, several findings suggest that water reservoirs are a likely source of M. haemophilum infection. For a cluster of M. haemophilum infections in New York, the hospital drinking water supply was suspected to be the common source, but this was not proven (T. E. Kiehn, Memorial Sloan Kettering Cancer Center, New York, NY, personal communication). The resistance to common disinfectants, temperature tolerance, and ability to form biofilms exhibited by mycobacteria are all preferential characteristics for survival and persistence in water systems and reservoirs (41) . One paper describing an M. haemophilum infection in a patient after sustaining a coral injury suggested that seawater or coral is also an environmental source (128) .
Several studies have been conducted with the objective of investigating the presence of NTM in water systems (146) However, the specific requirements for the detection of M. haemophilum were often not met in these studies. For example, Covert et al. (27) employed molecular identification after culturing without specific requirements for M. haemophilum. Chang and colleagues (24) , using a PCR-RFLP method for the direct detection of mycobacteria in water samples, showed a high prevalence of AFB. However, the reverse primer sequence used in that study did not match the M. haemophilum sequence, and thus, direct detection was compromised. Molecular detection using concentrated water samples containing In one publication, an environmental M. haemophilum isolate not directly associated with water was described. Mycobacterial isolates were cultured from the intestines and surface of hospital cockroaches in Taiwan, and M. haemophilum was found on the surface of one cockroach (109) .
DIAGNOSTICS Skin Testing
No specific antigen test is available for M. haemophilum infections, although in the past, purified protein derivatives (PPDs) of M. avium, M. kansasii, M. scrofulaceum and M. marinum, M. intracellulare, M. gordonae, and M. fortuitum have been used for the diagnosis of NTM infections. Unfortunately, a few years ago the production of NTM-PPD (Statens Serum Institute, Denmark) was terminated, although skin testing appeared to be useful for the diagnosis of NTM infections in children. Because of cross-reactivity between the immune reactions to PPDs of different species, the tuberculin-PPD test often shows false-positive reactions due to previous encounters with NTM (91) . The problem with previous NTM encounters is not expected in young children; therefore, a positive tuberculin test can be indicative of NTM disease in this patient group, except for children living in a country where tuberculosis is highly endemic. For the initial diagnosis of NTM lymphadenitis, the tuberculin test has an optimal cutoff value of 5 mm for a positive skin induration (91) . Using a 5-mm cutoff, the tuberculin PPD has 71% sensitivity for M. haemophilum and a 98% positive predictive value (PPV). Using a 10-mm cutoff (the induration cutoff considered positive for M. tuberculosis reactivity), 57% of all confirmed M. haemophilum infections yielded positive skin indurations.
Histopathology
Tissues infected with M. haemophilum show, almost without exception, granulomatous infiltrates with necrosis (19, 35) . The granulomas comprise variable forms of granulocytes, lymphocytes, monocytes, and multinucleated giant cells. Bacilli can be observed both extracellularly and intracellularly, and they can be abundant or scarce in affected tissue (19, 35, 126) . No specific clinical and histological manifestations can be attributed to M. haemophilum. M. haemophilum skin infection often mimics M. marinum infection: it forms erythematous papules or nodules, often overlying or above the joints, and in later stages, it becomes suppurative/ulcerative. However, in contrast to M. marinum infections, the nodules are painful, and sporotrichoid spread is seldom seen in M. haemophilum infections (19) . Skin manifestations sporadically include lichenoid dermatitis, panniculitis, vasculitis, or annular plaques.
Histological findings for 16 skin biopsy specimens from 11 immunocompromised patients with culture-proven M. haemophilum infections revealed most commonly (7 of 16 biopsy specimens) a mixed histopathological pattern of suppurative and granulomatous reactions (19) . Four biopsy specimens showed well-formed epithelioid granulomas. The authors of that study noted that infections by M. haemophilum can also present with nongranulomatous or paucigranulomatous reactions without necrosis, probably due to the immunocompromised state of the patients.
Microscopy
M. haemophilum is a strongly acid-fast bacterium and can be stained with Ziehl-Neelsen, modified Kinyoun, or auramine dye. The bacilli appear as short, and often curved, rods (1.2 m to 2.5 m in length) and can be pleomorphic. No specific growth or morphological differences exist between this and other species. Because M. haemophilum has the tendency to clump, a stain from a cultured isolate can exhibit strings of AFB, as is sometimes attributed exclusively to M. tuberculosis. Cord formation or cording should no longer be attributed exclusively to isolates of M. tuberculosis, as has recently also been demonstrated for nonpathogenic mycobacteria (71) .
Culture
Like most of the pathogenic Mycobacterium species, M. haemophilum is slowly growing. Visible growth can take as long as 8 weeks. The normal growth temperature for mycobacteria is 35°C to 37°C. M. haemophilum, however, prefers a lower growth temperature of 30°C to 32°C and requires iron supplements such as hemin or ferric ammonium citrate, which can be added to both liquid and solid media (32, 122) . Culturing of mycobacteria is most frequently applied to a system measuring the assimilation of bacteria in broth medium such as the BBL Mycobacteria Growth Indicator Tube (MGIT) containing Middlebrook 7H9 medium. A combination of a liquid culture medium with a solid medium is recommended. Solid egg-based media such as Löwenstein-Jensen (LJ), Coletsos, Stonebrink, Herrold's, or Dubos medium and solid agar-based media such as Middlebrook 7H10 and 7H11 agars are commercially available but must be supplemented with iron or hemin to allow the growth of M. haemophilum, as previously described (4) .
Growth enhancers, such as mycobactin and OADC (containing oleic acid, albumin, dextrose, catalase, and NaCl), and antibiotics to inhibit the growth of contaminants are often added: PANTA (containing polymyxin, amphotericin B, nalidixic acid, trimethoprim, and azlocillin) and/or PACT (containing polymyxin B, amphotericin B, carbenicillin, and trimethoprim) (129, 158) . The effect of these growth enhancers or antibiotic supplements on M. haemophilum has not been examined. The application of a decontamination protocol prior to culture helps to further decrease contamination with commensals and to release culturable bacilli from tissue (17) . Several decontamination protocols are available, but it should be considered that most of them also decrease to some extent the recovery of mycobacteria. In our institute, we follow a NALC (N-acetyl-L-cysteine)-NaOH procedure for those samples that are contaminated and culture positive for rapidly growing bacteria on a standard blood agar medium (13).
Molecular Identification Methods
M. haemophilum can easily be differentiated from other species by sequencing. The representation of the species in the publicly available GenBank databases is sufficient for identification. Complete or partial ITSs and 16S rRNA, rpoB, and hsp65 genes represent 28 of 48 M. haemophilum sequences submitted to the database to date (January 2011). For most other housekeeping genes, only one sequence is available. Although the genetic marker most suitable for species identification is still unclear, all sequence targets in the database enable the identification of M. haemophilum.
A few commercial assays are available for the identification of cultured NTM isolates. Two reverse line probe assays include M. haemophilum: the GenoType Mycobacterium AS (Hain Lifescience GmbH, Nehren, Germany) (115) and the Inno-LiPA-Mycobacteria V2 (Innogenetics, Ghent, Belgium) (143, 144) assays. Other assays do not include the species, such as the AccuProbe assay, a chemiluminescence assay (Gen-Probe Inc./bioMérieux, Marcy l'Etoile, France), and the Speed-Oligo Mycobacteria assay, a hybridization dipstick test (Vircell, Spain). The newest software and database versions of Microseq 500 ID (Microseq ID 16S rDNA Full Gene Library v2.0, Applied Biosystems, Foster City, CA), a sequencing system, include a database with 86 mycobacterial species, including M. haemophilum (Applied Biosystems).
Also, several noncommercial molecular assays have been developed to differentiate between Mycobacterium species and include M. haemophilum. High-performance liquid chromatography (HPLC) has also been successfully applied (140) The new assays either employ species-specific probe hybridization, such as array probes (142, 161) , or use restriction patterns to differentiate between species (118).
Newly developed methods that are currently being evaluated for application as tools to identify bacterial isolates might be applicable for the identification of species of Mycobacterium isolates. Matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF MS) and Raman spectrometry (18, 95, 120) as well as the new-generation sequencing method pyrosequencing (145) have been described for the differentiation of NTM species. Although M. haemophilum has been included in the NIH database, clinical isolates have not yet been tested (120) .
Direct Detection Methods
The direct detection of NTM as a group is still being challenged, as only a few molecular assays have been described and validated for direct application to clinical materials (5, 13, 67, 116, 134) .
Only two of these assays have been applied to the detection of M. haemophilum in clinical materials. Conventional PCR and subsequent restriction analysis (PRA) of hsp65 in all Mycobacterium species were applied successfully to biopsy specimens from four patients with M. haemophilum skin infections (28, 151) . A 439-bp fragment was amplified and digested into species-specific band patterns by two restriction enzymes. However, the assay includes the handling of PCR products and therefore poses a contamination risk.
The second assay is a real-time PCR assay targeting the ITS between the 16S rRNA and 23S genes of all slowly growing Mycobacterium species (13) . Mismatches in the forward primer and genus-specific probe have been encountered in several rapid-growing mycobacteria; therefore, for the detection of this group of species, this assay is less proficient. A speciesspecific probe subsequently enables the recognition of M. haemophilum. M. haemophilum-specific culture was found to be less sensitive than the real-time PCR assay when applied directly to biopsy specimens from children with cervicofacial lymphadenitis (14) . Of 16 patients with evidence of M. haemophilum infection, 9 (56%) were positive by auramine staining, and 9 (56%) were positive by M. haemophilum-specific cultures. Thirteen specimens (81%) were positive by genus-specific detection, 11 of which were also positive by M. haemophilum-specific detection.
This assay was also applied to formalin-fixed/paraffin-embedded biopsy specimens from patients with granulomatous inflammation of the skin, which were stored between 1984 and 2004 (15) . Of 30 patient materials tested, 13 (43%) were found to contain mycobacterial DNA. Only 5 of the patients had been previously diagnosed with a mycobacterial disease. M. haemophilum was identified as the most common species (n ϭ 7). In this study, PCR was not compared with conventional techniques.
Another possible approach for direct detection is the application of generic PCR targeting a Mycobacterium-specific fragment that is subsequently sequenced to identify the involved species. This approach was applied in several reported M. haemophilum cases (52, 70, 114) . The method can be performed by using a number of gene fragments (see "Molecular Identification Methods" above).
Diagnostic Approach
M. haemophilum infection should be considered for immunocompetent patients with nonpyogenic cervicofacial lymphadenitis. M. haemophilum can induce reactions in the tuberculin PPD skin test similar to those induced by M. tuberculosis and could be misdiagnosed when positive culture results are lacking (3, 59, 91) . In general, a 10-mm tuberculin PPD cutoff point is recommended for the identification of latent M. tuberculosis infections, whereas a reaction of 5 to 9 mm is more likely to indicate NTM infection (45, 46) . Therefore, although it is not decisive, the tuberculin PPD test can be helpful as a Overall, the failure to isolate a pathogen from clinical specimens with positive acid-fast stains should prompt a targeted search for M. haemophilum using appropriate culture conditions and molecular techniques.
A full diagnostic regimen for the optimal detection of M. haemophilum in biopsy specimens includes acid-fast staining, mycobacterial culturing at two temperatures using media with and without iron additives, and molecular detection. The diagnosis of mycobacterial infection by the direct detection of the pathogen is achieved by use of fine-needle aspiration biopsy (13) , excision of the affected tissue, or respiratory specimens. After decontamination using, for example, the NALCNaOH decontamination protocol, biopsy specimens should be stained with auramine and investigated microscopically, followed by standard mycobacterial culturing at 35°C in liquid MGIT medium and on solid LJ medium. In addition to this generic protocol, M. haemophilum-specific culturing should be performed at 30°C on LJ medium supplemented with iron citrate (preferably combined with a liquid medium using hemin supplementation). Because culture for M. haemophilum is less sensitive than the real-time PCR assay described above (14) , molecular diagnosis should also be attempted, preferably using genus-specific detection and M. haemophilum-specific detection. Molecular detection also enables biopsy specimens and other histopathological materials to be examined for the presence of mycobacterial DNA when culturing is not possible due to tissue fixation (15) . This approach offers an excellent opportunity to investigate the presence of newly identified Mycobacterium species in stored patient materials.
However, positive PCR results need to be interpreted with caution. The widespread presence of NTM in the environment may result in the contamination of patient samples with bacilli or DNA fragments during processing. Thus, the application of a highly sensitive NTM DNA detection method can result in false-positive results.
ANTIMICROBIAL SUSCEPTIBILITY
No standardized procedure is available for the susceptibility testing of M. haemophilum, although a recent CLSI document includes recommendations for a disk agar elution method for M. haemophilum (24a) .
The application of different culture media can result in variations in the MIC values obtained for the same isolate. Moreover, European and U.S. guidelines do not always fully agree on the critical concentrations and protocols for susceptibility testing (160) . Therefore, the in vitro susceptibilities presented in Table 5 are approximations. M. haemophilum appears to be susceptible to ciprofloxacin, clarithromycin, rifabutin, and clofazimine but resistant to isoniazid and ethambutol (96, 105, 126, 141 (9) . Interesting results were obtained for cycloserine, with an MIC 50 of 50 g/ml. While macrolides and rifamycin appear to be highly active against M. haemophilum, resistance is readily acquired by a single mutation in the 23S gene and the rpoB gene, respectively (78, 110) . Therefore, dual or triple therapy is advised over monotherapy.
TREATMENT
No standard guidelines are available for the treatment of M. haemophilum infection. Although no optimal therapeutic regimen and treatment duration for M. haemophilum have been established, experts generally agree that patients should be placed on multiple antibiotics that include some combination of clarithromycin, ciprofloxacin, and one of the rifamycins (123, 126) for a duration of 12 to 24 months (126) . Therapy should be tailored to the individual patient based on his or her disease presentation and underlying degree of immune suppression. The contribution of antibiotics to the healing of M. haemophilum lesions is difficult to evaluate. Recovery may depend mostly on an improved immunologic state (108) . Even if M. haemophilum infections are diagnosed early, adequate treatment may be complicated by an inability to reduce immune suppression, adverse reactions to the antibiotics, patient intolerance of the antibiotics, the antimicrobial resistance of M. haemophilum isolates, interactions between antimicrobials and immunosuppressive agents, and superinfection of cutaneous lesions with, for example, Staphylococcus aureus (39). a Data from reference 9. The method applied was a microtiter array with Middlebrook 7H9 broth plus hemin. MICs are in g/ml.
b Data from reference 126. The method applied was a disk elution method on Middlebrook 7H10 agar with hemin.
c The method applied was an agar dilution method on Middlebrook 7H10 medium with a hemin source. MICs are in g/ml.
d R*, tested but not active; NT, not tested.
Immunocompromised Patients
Skin lesions. Only a few M. haemophilum infections in immunocompromised children have been described (11, 21, 28) . One patient was cured after antibiotics for 6 months (28), whereas the other two patients failed treatment (11, 21) . One of these failing patients was cured after immune restoration, surgical drainage, and additional antibiotic treatment (11) .
Numerous cases of skin infections in immunocompromised adults have been reported (Table 1) . In all patients for whom therapy was reported, treatment consisted of antituberculous drugs guided by the susceptibility pattern of the cultured microorganism. The regimen usually consisted of at least three drugs: almost always clarithromycin (29) plus ciprofloxacin, ethambutol, and/or rifabutin-rifampin. The treatment duration varied between 3 and 42 months, with a median of approximately 6 months. For AIDS patients, highly active antiretroviral therapy (HAART) was usually also started. With one exception (47) , all patients were cured.
To summarize, antibiotic treatment is indicated for patients with M. haemophilum skin infections. Curative surgical excision is possible in rare cases with few infected sites (100). The duration of antibiotic therapy is not well defined and depends on the clinical presentation, degree of immune suppression, and clinical course. In an earlier review the minimum recommended duration of antibiotic therapy was 12 months, but treatment may need to be extended for up to 24 months (123, 126) . The exacerbation of the skin lesions shortly after the initiation of treatment, however, is not uncommon. These exacerbations most likely occur as a result of a paradoxical reaction: an immune response to the local release of products of mycobacterial cell death and lysis. These reactions tend to improve within 2 to 3 weeks (85, 104, 126) . In general, patient outcomes tend to be satisfactory for M. haemophilum skin infections (126) .
Disseminated infection/pulmonary infection. Tables 2 and 3 give an overview of the reported cases of disseminated and pulmonary infections and the subsequent treatment. Five out of the 10 patients reported with disseminated disease responded to treatment. For disseminated M. haemophilum infections, a multidrug regimen combining clarithromycin, ciprofloxacin, and rifampin-rifabutin is recommended (157) .
For the reported pulmonary infections (Table 3) , the level of response to treatment is lower. Only three patients from the nine reported cases responded permanently to the therapeutic regimen. Although no studies of the duration of treatment for M. haemophilum infections have been conducted, American Thoracic Society guidelines recommend treatment until cultures taken during therapy are negative for 1 year (55). Whether tumor necrosis factor alpha (TNF-␣) treatment can be continued during antimycobacterial treatment is a matter of debate (148) . In active tuberculosis infections, treatment with TNF-␣ is contraindicated until patients complete a standard regimen of antituberculosis therapy. No information is available for NTM disease (148) .
Pyomyositis. The majority of the described cases of pyomyositis were successfully treated with a combination of surgery and antibiotic therapy. Surgical debridement of necrotic tissue is required when extensive inflammation is present (124) . Based on limited data from individual cases (70, 82, 124 ), a combination of surgery and antibiotic therapy with clarithromycin, ciprofloxacin, and one of the rifamycins appears to be effective. However, the wounds did not resolve in a case reported by Shih et al. (127) . The therapeutic regimen consisted of ethambutol, rifampin, clarithromycin, ciprofloxacin, and amikacin. Repeated debridement of the right thigh was performed, but the patient died of fungemia due to Candida glabrata 3 months after admission.
The duration of therapy should depend on the patient's underlying disease presentation, degree of immunosuppression, and response to therapy. Treatment should generally be continued for at least 1 year and perhaps for as long as 2 years (123, 126) .
Skeletal infections/osteomyelitis. Data from the publications on skeletal M. haemophilum infections are presented in Table  4 . The clinical response to treatment varies, even when the above-mentioned antibiotics are used. Prolonged maintenance therapy lasting months, or even years, with several drugs is generally necessary, particularly for patients with sustained immunosuppression (83) .
Immunocompetent Patients
Immunocompetent adults. In adults, the most frequently reported manifestations are skin lesions with or without lymphadenitis. Success has been reported with antibiotic treatment for 4 to 6 months (8, 124, 128) . Treatment in these patients consisted of clarithromycin, rifabutin, and ethambutol or ciprofloxacin. In a recent case series of 12 patients with eyebrow lesions and cervicofacial lymphadenitis, surgical excision was curative, and in the majority of the cases antibiotics were not successful (52) .
Immunocompetent children. The most common manifestation of M. haemophilum infection in immunocompetent children is cervicofacial lymphadenitis. Excisional surgery leads to a quick resolution and the best esthetic outcome (87, 88) . In more advanced stages with extensive necrosis and skin discoloration, excisional surgery can be technically difficult. Whether antibiotic treatment offers benefits over observation alone in these cases is not clear. Both success and failure have been reported for antibiotic treatment (60, 88, 92, 147) . In the largest reported case series, 32 children in Israel were treated by observation alone (164) . Total resolution was achieved for 71% of patients within 6 months and for the remaining patients within 9 to 12 months. For children with an advanced stage of nontuberculous mycobacterial cervicofacial lymphadenitis, no significant difference in the median healing times between an observational approach and antibiotic therapy with clarithromycin and rifabutin was found (86) .
Treatment Outcome
In the cases reported after 1996, almost all immunocompromised patients were cured, with the few exceptions described above (47, 104, 126, 127, 149) . Thus, in summary, most immunocompromised patients will recover after prolonged antimycobacterial treatment, especially those with skin infections, but mortality can occur in patients with deep-seated infections. In these circumstances, surgery is usually not an option, leaving 
RECOMMENDATIONS AND CONCLUSION
In conclusion, M. haemophilum infection should be considered in the differential diagnosis of chronic cervicofacial lymphadenitis in young immunocompetent children and ulcerating skin lesions and/or arthritis in immunocompromised patients, especially when AFB are seen by direct microscopy and when routine mycobacterial cultures remain sterile. Detailed clinical information, adjusted mycobacterial culture procedures, and molecular techniques all contribute to the adequate and rapid diagnosis of M. haemophilum infections. The outcome of M. haemophilum lymphadenitis in immunocompetent patients favors surgical intervention rather than antibiotic treatment.
